Purpose The objectives of this study were to determine the effects of permeant lipophilicity on permeant uptake into and transport across human sclera for transscleral delivery. Methods Model permeants with a wide range of lipophilicities were selected and studied with human sclera. Uptake experiments were carried out to measure permeant partitioning into the sclera. Transport experiments were performed in side-byside diffusion cells, and the permeability coefficients and transport lag times of the permeants across the sclera were evaluated. Results Permeants with higher lipophilicity showed higher partition coefficients to human sclera, and the apparent transport lag time also increased significantly as the permeant lipophilicity increased. No correlation between the permeability coefficients and lipophilicity of the model permeants was observed in this study with human sclera. A hypothesis on the different findings between the present and previous studies was proposed. Conclusions Permeants with higher lipophilicity exhibited stronger binding to human sclera and would therefore lead to larger permeant partitioning to the sclera and longer transport lag time. The steady-state permeability coefficients of the permeants were not significantly affected by permeant lipophilicity.
INTRODUCTION
Vision loss due to posterior eye diseases, such as age-related macular degeneration, diabetic retinopathy, glaucoma, and retinitis pigmentosa, accounts for most of the irreversible blindness world-wide (1, 2) . However, effective drug delivery to the posterior segment of the eye still remains a challenge for treating these diseases. In many instances, the traditional topical route is ineffective in delivering and achieving therapeutic levels of drugs to the posterior tissues of eye (1, 3) . Systemic administration requires high doses of drugs and has the potential of causing systemic toxicities (1, 2, 4) . Intravitreal injections are invasive, and complications such as retinal detachment, endophthalmitis, and cataract after injections have been reported, particularly after repeated injections in the treatment of chronic eye diseases (2, 4) . Due to these various problems, a safe, effective, and robust drug delivery method is needed.
With the relatively large area and high permeability of sclera (1, 5) , transscleral delivery was suggested to be a promising method to deliver drugs to the posterior segment of the eye. A number of approaches, including transscleral iontophoresis (5, 6) , episcleral exoplants (7) , and fibrin sealants (8) , have been studied for transscleral drug delivery. Although promising, further understanding on how drug physicochemical properties could influence the delivery is necessary to optimize transscleral drug delivery.
Previous studies have suggested the influence of drug lipophilicity on transscleral delivery. For example, the effects of solute lipophilicity on solute permeability of bovine and porcine eyes were studied by Cheruvu and Kompella, and the results indicated that the solute partition coefficients measured in bovine tissues increased with the logarithm of distribution coefficients of the solutes, while the solute permeability coefficients measured in both bovine and porcine tissues exhibited a negative correlation with the logarithm of distribution coefficients (4) . Kadam and Kompella investigated the partitioning of eight β-blockers into bovine sclera and found that the lipophilic β-blockers had higher tissue partitioning than the hydrophilic ones (9) . A literature review was carried out by Prausnitz and Noonan, and the results with bovine, rabbit, and human sclera showed that the sclera permeability was relatively independent of the permeant distribution coefficient (10) . Data about human sclera are limited, and the influences of drug-to-human sclera binding on the uptake and transport behavior of drugs have not been systematically studied. Investigations on the relationship between drug lipophilicity and binding to human sclera and how the relationship would affect drug transport behavior across human sclera are therefore important.
In the present study, uptake and transport experiments were conducted with human cadaveric sclera using permeants with a wide range of lipophilicities. The objectives were to (a) examine the partition coefficients of permeants to human sclera, (b) analyze the relationship between permeant lipophilicity and partitioning, and (c) determine the influence of permeant lipophilicity on transscleral transport. A hypothesis that permeant lipophilicity mainly affected transient transscleral transport and not steady-state transport was also examined. The results in this study could help pharmaceutical researchers develop better transscleral drug delivery systems for treating eye diseases.
MATERIALS AND METHODS

Materials
Phosphate-buffered saline (PBS, pH 7.4, consisting of 0.01 M phosphate buffer, 0.0027 M potassium chloride, 0.137 M sodium chloride) was prepared by dissolving PBS tablets (Sigma-Aldrich, St. Louis, MO) in distilled deionized water and was preserved with 0.02% (w/v) sodium azide (NaN 3 ). Sodium azide at purity ≥98% was purchased from Acros Organics (Morris Plains, NJ). Ethanol (anhydrous ethyl alcohol) was purchased from Fisher Scientific (Rochester, NY).
14 C-mannitol (1-14 C, 51.0 mCi/mmol), 14 Ctetraethylammonium bromide (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) C, 3.5 mCi/mmol), 14 Csalicylic acid (7) (8) (9) (10) (11) (12) (13) (14) C, 47.0 mCi/mmol), 3 H-dexamethasone (6, . Urea was purchased from Acros Organics (Morris Plains, NJ). Atenolol at purity >99% and corticosterone at purity ≥92% were purchased from Sigma-Aldrich (St. Louis, MO). Estradiol (USP grade) and cyclosporin A (USP grade) were obtained from Letco Medical (Decatur, AL). The physicochemical properties of the permeants are summarized in Table I .
Preparation of the Sclera
Cadaver eyes were obtained from the National Disease Research Interchange (NDRI, Philadelphia, PA) and Moran Eye Center at the University of Utah (Salt Lake City, UT). The age of the human donors ranged from 55-75, and the causes of death included sepsis, cardiopulomonary arrest, intracranial hematoma, and lung cancer, without any known eye diseases. The tissues were stored in moisture chambers at 4°C. Before uptake and transport experiments, the tissues were cleaned at room tempera- (31) ture, and the adhering tissues, including retina and choroid, were removed from the sclera. The sclera was then equilibrated in PBS at room temperature and cut into pieces for the uptake and transport experiments. The thickness of the hydrated sclera was measured using a micrometer (Mitutoyo, Kawasaki, Kanagawa, Japan). The sclera used in the present study had thickness ranging from 0.7 to 1.0 mm. The use of human tissues was approved by the Institutional Review Board at the University of Cincinnati (Cincinnati, OH).
Uptake Experiment
After hydration, the sclera of about 0.5×0.5 cm 2 was removed from PBS, blotted with Kimwipes® to remove the solution on the sclera surfaces, and quickly weighed (i.e., wet weight). The sclera was then dried at room temperature overnight to a constant weight (i.e., dry weight). For the sclera in the present study, the wet weight was 0.067±0.013 g and the dry weight was 0.018± 0.003 g (mean ± SD, n=20). The water content of the sclera was about 73% of the wet weight, which is consistent with the range of 65-75% reported in the literature (11) .
To determine permeant uptake into the sclera, the dry sclera was equilibrated with the equilibration solution for 24 h at room temperature. The equilibration solutions were 10 mL PBS mixed with 20 μL of H-paclitaxel stock solutions. After equilibration, the sclera was removed from the equilibration solution, blotted with Kimwipes®, and placed in a vial for extraction. Successive 24-h extractions were performed with the sclera in 1 mL PBS. After each 24 h of extraction, the tissue was removed from the vial with a pair of forceps and placed in a new vial; the procedure was repeated with fresh PBS. The extraction solutions in the vials were mixed with 10 mL liquid scintillation cocktail (Ultima Gold™, PerkinElmer Life and Analytical Sciences, Shelton, CT), and the radioactivity was analyzed by a liquid scintillation counter (Beckman Coulter LS 6500, Fullerton, CA). Twenty microliters of the equilibration solution were also taken after removal of the sclera sample from the equilibration solution, and mixed with 980 μL of PBS and 10 mL of the liquid scintillation cocktail for liquid scintillation counting. For the uptake studies of the lipophilic permeants H-paclitaxel, a final extraction with 1 mL 50% (v/v) ethanol in PBS was conducted to ensure complete extraction. In the experiments, the binding of permeant to pipette tips was checked, and corrections were made in the calculations of the solution concentrations. The partition coefficient (K sclera ) was defined as the ratio of the apparent concentration of the permeant in the sclera to the concentration of the permeant in the equilibration solution:
where M extraction is the total amount of permeant extracted from the sclera, W wet is the wet weight of the sclera, and C equilibration is the weight-weight concentration of the permeant in the equilibration solution assuming that the density of the solution is 1 g/mL. The effective porosity (ε eff ) was defined as the ratio of the effective volume accessible by the permeant in the sclera to the total volume of the hydrated sclera and calculated by
where ρ is the density of the hydrated sclera. The effective porosity measures the effective volume available for (or capacity of) permeant loading in the sclera. The density of the sclera was 1.3±0.1 g/cm 3 in the present study (mean ± SD, n=6), determined by dividing the wet weight of the sclera by the product of sclera surface area and thickness.
Transport Experiment
Five permeants, including urea, atenolol, corticosterone, estradiol, and cyclosporin A, were selected for the transport experiments using side-by-side diffusion cells. Donor solutions were prepared by mixing trace amounts of corresponding radiolabeled permeants into 2 μg/mL of non-radiolabeled permeants in PBS to provide the radioactivity of the donor solution in the range of 1×10 5 
-2×10
6 dpm/mL. Nonradiolabeled urea and atenolol solutions were prepared by directly dissolving appropriate amounts of the permeants in PBS. Non-radiolabeled corticosterone, estradiol, and cyclosporin A solutions were made by first dissolving the permeants in ethanol to get 5 mg/mL solutions and followed by dilution in PBS to obtain a final concentration of 2 μg/mL. Preliminary studies showed that the concentration of 2 μg/mL was below the solubilities of these permeants. PBS was used as the receiver solution.
Fully hydrated sclera of approximately 1.4×1.4 cm 2 was sandwiched between the two half-cells of the side-by-side diffusion cells with an effective diffusion area of approximately 0.2 cm 2 and with the episclera side facing the donor chamber. The diffusion cells were placed in a circulating water bath at 37±2°C. The volume of donor and receiver solutions was 2 mL. The transport experiments were conducted under sink conditions with continuous stirring.
The durations of the transport experiments were at least 4 times greater than the transport lag time and were in the range of 2-15 h depending on the permeants studied. At predetermined time points, 10-μL and 1-mL samples were taken from the donor and receiver chambers, respectively, and mixed with 10 mL of the liquid scintillation cocktail for assay. After each sampling, fresh PBS of 1 mL was added to the receiver chamber to maintain a constant volume of the receiver solution. Donor solutions were also replaced at predetermined time intervals to ensure less than 10% depletion of the permeants in the donor solutions. The binding of permeants to pipette tips was checked, and corrections were made in the calculations of the permeant concentrations in the solutions. The amount of permeant transported across the sclera was determined by the radioactivity (in dpm) transported across the sclera and the specific activity (dpm/μg) of the radiolabeled permeant in the donor solution. The specific activity was determined by dividing the radioactivity of the permeant in the fresh donor solution by the concentration of the nonradiolabeled permeant in the solution.
The cumulative amount of a permeant transported across the sclera (Q) was plotted against time (t). The apparent or steady-state flux of the permeant (J) was calculated from the slope of the linear regression of the linear region in the plot (ΔQ/Δt) divided by the effective diffusion area (A). The transport lag time (t lag ) was calculated from the x-intercept of the linear regression line. The apparent or steady-state permeability coefficient (P) was calculated by dividing the flux by the concentration of the permeant in the donor (C D ):
Statistical Analysis
The Student's t-test with one-tailed distribution was employed to evaluate the statistical differences in the experiments. Differences were considered to be significant at a level of p<0.05. The means ± standard deviations (SD) of the data are presented.
Theory and Equations
In general, the steady-state permeability coefficient (P) is related to the effective diffusion coefficient (D eff ) and effective partition coefficient (K eff ) by
where h is the effective thickness of the membrane. The transport lag time (t lag ) can be expressed by
For a porous membrane with aqueous transport pathways of effective pore size several orders of magnitude greater than the permeant size, such as the sclera (12) and the permeants used in the present study, when significant permeant-to-membrane binding occurs (or the permeant partitions into a membrane domain not involved in transport), D eff and K eff can be expressed by
where D aq is the free diffusion coefficient in the aqueous solution, K is the partition coefficient of the permeant from the aqueous solution into the membrane in the absence of binding, and R is the binding factor. Combining Eqs. 5-8, the steady-state permeability coefficient and transport lag time become
It should be emphasized that while the transport lag time increases with the extent of permeant binding to the membrane, the steady-state permeability is not affected by the binding. This phenomenon is consistent with the theory presented by Flynn et al. (13) , i.e., the steady-state flux is unaffected by permeant binding, but the lag time is directly related to the binding. Fig. 1 presents the relationship between the sclera partition coefficient (K sclera ) and octanol-buffer (or octanol-water) distribution coefficient (D oct ) of the permeants. In this study, K eff in Eq. 5 was approximated by K sclera , which can be measured experimentally. The plot shows that lipophilic permeants exhibit higher partition coefficients than hydro-philic permeants. The partition coefficient of the most lipophilic paclitaxel in this study was about 18 times larger than the most hydrophilic mannitol. The partition coefficients increase linearly with the distribution coefficient of permeants with a slope of 0.14 in the plot of Log K sclera vs Log D oct . This linear free energy relationship between sclera and octanol suggests the relatively polar nature of the sclera with lipophilicity significantly less than that of octanol. Table II presents the effective porosity of human sclera for the permeants calculated using the uptake data and Eq. 2. The effective porosity determined by water uptake shown in the table was calculated using the water content and the density of the hydrated sclera. The results in the table show a trend of an increase in the effective porosity with the permeant lipophilicity. While the effective porosities determined by polar permeant uptake were typically less than that of water, the effective porosities determined by lipophilic permeant uptake were significantly higher than that of water. This indicates that the uptake of permeant into the sclera could be influenced by the lipophilicity of the permeant.
RESULTS
Uptake Study
Under the experimental condition of pH 7.4 and with similar lipophilicities and molecular sizes, positively charged atenolol (pKa 9.3 and Log D oct = −1.4) exhibited higher partition coefficient than negatively charged salicylate (pKa 2.9 and Log D oct = −1.4) (p<0.05). In like manner, the partition coefficient of positively charged metoprolol (pKa 9.6 and Log D oct = 0.2) was higher than the negatively charged fluconazole (pKa 2.0 and Log D oct = 0.5) (p<0.05) of similar lipophilicities and molecular sizes. The same pattern was also observed in the results of the effective porosity (Table II) where the effective porosity determined by atenolol was larger than that of salicylate and the effective porosity determined by metoprolol was larger than that of fluconazole. These results suggest that in addition to the effect of permeant lipophilicity, permeant-to-sclera charge-charge interaction also has an impact on permeant partitioning into the sclera. For negatively charged sclera at pH 7.4, the positively charged permeants generally show higher partition coefficients than the negatively charged permeants in the present study.
Transport Study
Urea, atenolol, corticosterone, estradiol, and cyclosporin A with the Log D oct ranging from −2.1 to 4.3 were selected as the model permeants in the transport experiments. The plots of the cumulative amounts of permeant transported across sclera versus time for these five permeants are shown in Fig. 2 . These permeation profiles generally show good linear regression in the later stage of the transport experiments, suggesting that the steady-state condition has been attained. The results in the figure clearly illustrate that the lipophilic permeants required a longer time to reach steady state than the hydrophilic permeants in the transport study.
To delineate the effects of permeant lipophilicity and size on permeant transport, the transport lag times are normalized by the free diffusion coefficients in the aqueous solution (D aq ), and the logarithm of the normalized lag time (t lag × D aq ) was plotted against Log D oct (Fig. 3) . The transport data of tetraethylammonium, salicylate, and mannitol from previous studies (12, 14) are also included in the figure for Data represent the mean and standard deviation of at least four sclera samples for each permeant.
a The effective porosity determined by water was calculated using the water content and the density of sclera. The effective porosities determined by the permeants were calculated from their uptake studies using Eq. 2 the analyses. Fig. 3 shows that the lipophilic permeants exhibited significantly longer lag times than the hydrophilic permeants in the present transport study. The normalized lag times of lipophilic cyclosporin A and estradiol were about 20 and 6 times larger than that of urea, respectively. Fig. 3 also shows a linear regression line of the normalized lag time against permeant lipophilicity, which has a slope of approximately 0.12. This result demonstrates that higher permeant lipophilicity would lead to longer lag time in permeant transport across the sclera. Fig. 4 shows the relationship between the permeability coefficient and the lipophilicity of the permeant. The permeability coefficients were normalized by the free diffusion coefficients of the permeants (P/D aq ) to delineate the effect of permeant lipophilicity upon the sclera permeability and plotted against Log D oct in the figure. The transport data of tetraethylammonium, salicylate, and mannitol from our previous studies (12, 14) are also included in the figure for the analyses. The normalized permeability coefficients for mannitol, tetraethylammonium, salicylate, urea, atenolol, corticosterone, and estradiol were essentially the same, independent of their lipophilicities. These results indicate that the steady-state permeability coefficients of human sclera for the permeants are not significantly affected by permeant lipophilicity under the condition in the present study. The lack of a correlation between permeability coefficient and permeant lipophilicity suggests an aqueous pore pathway transport mechanism rather than a lipid partitioning and diffusion transport mechanism. For cyclosporin A in Fig. 4 , the normalized permeability coefficient is different from the other permeants. This may be due to experimental uncertainties related to the binding of the permeant to the apparatus in the transport experiments even though a number of extra steps were implemented in the study of this permeant, such as checking and correcting for the binding of cyclosporin A to pipette tips, replacing the donor solution frequently to maintain a relative constant concentration in the donor solution, and frequent sampling to maintain a steady-state condition after steady state was achieved. In addition to permeant lipophilicities, the results also show no significant difference between the steady-state permeability coefficients of human sclera for the positively charged, negatively charged, and neutral permeants under the experimental conditions in the present transport study. It should be pointed out that the results in the present study are different from those in a previous study (4) , which has concluded that the permeability in transscleral transport decreased with solute lipophilicity or the sclera was more permeable to negatively charged solutes than positively charged solutes. This inconsistency could be due to the different experimental designs in these studies and will be discussed in detail in the Discussion.
DISCUSSION
Influences of Permeant Lipophilicity on Permeant Sclera Partitioning and Transport
Sclera is a relatively porous tissue. The major component of the sclera is collagen, which comprises about 75% of dry weight of the sclera (1). At physiological pH of 7.4, human sclera is negatively charged (15) . As a result, the mechanism of permeant uptake into and transport across the sclera can be described by an aqueous pore pathway model with permeant molecular size, charge, and lipophilicity as the major influencing factors.
The collagen and noncollagenous proteins in the sclera could act as the binding sites for permeants. The hypothesis of permeant-sclera binding during transport (rather than a lipid partitioning and diffusion transport mechanism) is supported by the observed increase in the partition coefficients of the permeants with the lipophilicities of the permeants (Fig. 1) , the correlation between transport lag times and the lipophilicities of the permeants (Fig. 3) , and the independent relationship between sclera permeability coefficients and permeant lipophilicities (Fig. 4) . The binding of lipophilic permeants to the sclera could also account for the higher effective porosities of sclera calculated by the permeants than that by water, irrespective of their molecular sizes and charges. This is the first systematic study of permeants with a large range of lipophilicities using human Fig . 3 Relationship between transport lag time (t lag ) in transport experiment through human sclera and permeant octanol-buffer (or octanol-water) distribution coefficient (D oct ). The products of transport lag time and free aqueous diffusion coefficient (D aq ) of permeants in water at 37°C are plotted against Log D oct . Free diffusion coefficients were calculated using the Stokes-Einstein equation, the molecular radii in Table I , and the viscosity of water at 37°C. Data represent the mean and the standard deviation of at least four sclera samples for each permeant.
The lag time data of tetraethylammonium, salicylate, and mannitol are obtained from previous studies (12, 14) . Fig . 4 Relationship between steady-state permeability coefficient (P) in transport experiment through human sclera and permeant octanol-buffer (or octanol-water) distribution coefficient (D oct ). The ratios of the steadystate permeability to free aqueous diffusion coefficient (D aq ) of permeants in water at 37°C are plotted against Log D oct . Data represent the mean and the standard deviation of at least four sclera samples for each permeant. The permeability coefficient data of tetraethylammonium, salicylate, and mannitol are obtained from previous studies (12, 14) .
sclera, and the permeant uptake results are consistent with the findings in a previous study using bovine sclera (9) . In addition to permeant lipophilicity, permeant-to-sclera charge-charge interactions can also play a role in permeant uptake into and transport across the sclera. At pH 7.4 in the present study, the negatively charged human sclera (15) is permselective to cations. As a result, the charge-charge interaction between the sclera and positively charged permeant could enhance permeant partitioning into the sclera. The higher partition coefficient of positively charged atenolol than negatively charged salicylate is consistent with the charge-charge interaction. This charge-charge interaction effect also accounts for the higher partition coefficient of metoprolol than fluconazole in the present study. The effect of the charge-charge interaction was not observed in the present transport study possibly due to the larger inherited experimental variability in the transport experiments than that in the uptake experiments.
Theoretically, the binding of a permeant to a membrane increases the transport lag time of the permeant (13) as illustrated by the binding factor R in Eq. 10. The results in the present uptake and transport studies are consistent with the hypothesis that higher permeant lipophilicity could lead to larger permeant binding to the sclera (i.e., higher partition coefficient due to the binding), and therefore longer transport lag time. Moreover, the slopes of the linear regression lines in Figs. 1 and 3 are essentially the same, suggesting that the uptake and transport domains (or "binding" sites) in the sclera probed in the uptake and transport experiments are similar. It should be emphasized that the steady-state permeability would not be affected by the binding of permeant to sclera (Eq. 9), and therefore not sensitive to the permeant lipophilicity. Fig. 4 shows no correlation between the permeability coefficient and D oct , which is consistent with the theory (13) .
Implications of Permeant Lipophilicity in Transscleral Transport Studies
Transport experiments using diffusion cells are commonly employed to evaluate the permeability of the sclera in transscleral drug delivery in vitro. The steady-state permeability coefficient and lag time are usually calculated from the permeation profile of the drug and equations similar to Eqs. 3 and 4. However, a common problem encountered in these transport experiments is that lipophilic permeants usually have long transport lag times, and steady-state transport may not be attained in the experiments. To illustrate this, the lag times and permeability coefficients calculated from three different time regions in each transport experiment for the permeants are presented and compared in Table III . The results in the table show that for hydrophilic permeants like urea, the lag time and permeability are essentially the same in the three time Data represent the mean and standard deviation of four sclera samples for each permeant regions (p>0.05); steady state could be reached quickly due to the lack of permeant-to-tissue binding. On the other hand, for permeants with high lipophilicity, such as estradiol, the steady state occurs only after the binding or the interaction between the permeant and sclera has attained "equilibrium" during the transport process, and the lag time and permeability coefficient calculated in Region III (steadystate region) are significantly higher than those in Region I. In the case of estradiol, the lag time and permeability in Region III were about 3.2 and 1.5 times larger than those in Region I, respectively. The most drastic effect of permeant binding on the transport behavior of lipophilic permeants can be illustrated by the transport profile of cyclosporin A in Fig. 5 . At around 150-240 min into the experiment, a linear region seemed to be observed in the cumulative amount versus time curve. However, as the time of the experiment prolonged, the curve would continue to ascend, and the "steady state" seemed to be achieved only after about 600 min. The lag times and permeability coefficients calculated from these three regions yield significantly different values. The analyses of Table III and Fig. 5 demonstrate that the lag times and permeability coefficients calculated could be highly dependent on the duration of the transport study and the lipophilicity of the permeant, and the lag time and steady-state permeability coefficient could be underestimated when the duration of the experiment is not long enough to reach steady state. Although long duration transport studies are needed to ensure steady-state transport for the accurate determination of the steady-state permeability coefficient and lag time for the understanding of transscleral transport mechanism and the influence of permeant lipophilicity, it should be pointed out that the results from short duration experiments could be used to predict drug delivery in practice. In other words, the apparent fluxes and permeability coefficients obtained in short duration experiments can resemble the practical situation better.
Implications of Drug Lipophilicity in Transscleral Drug Delivery
The retention time of drugs on the eye after topical application is generally short (a few minutes) (16, 17) . The present study shows that the lag time for drugs with high lipophilicity is likely to be significantly longer than the contact time. Consequently, steady-state delivery of lipophilic drugs is difficult to achieve in practical applications, and the observed fluxes of these lipophilic drugs would be significantly lower than those predicted from their steadystate values. This also implies that in transscleral drug delivery of lipophilic drugs, the amounts of drugs permeated across human sclera are small, and this can limit the efficacy of drug treatment. As a result, sustained-release transscleral delivery systems are required for drugs with high lipophilicity to prolong the retention time, provide extended release, and therefore, enhance drug delivery.
Based on the relationship between drug lipophilicity and partitioning to sclera observed in the present study, drug reservoirs could form in the sclera in transscleral delivery of lipophilic drugs. The lipophilic drugs would accumulate in the sclera (i.e., high effective porosity in the sclera, Table II) and provide sustained delivery from the scleral depots. Transscleral delivery of lipophilic drugs can therefore be improved by formulations to take advantage of this effect. For example, a lipophilic drug with low water solubility could be formulated in an ocular delivery system such as micelles. The system can be delivered transsclerally into the porous sclera. The drug released from the system could then bind to the sclera. A drug depot is formed in the sclera, and the drug is released from the depot in an extended manner. It should be emphasized that although the sclera can serve as a reservoir for lipophilic drugs for transscleral delivery, the retinal pigment epithelium (RPE) and dynamic barriers such as lymph and choroidal blood flow may prevent effective drug delivery using this method. The present in vitro experimental setup with human sclera does not allow the study of these barriers. A model mimicking practical situations is required to further investigate the transscleral route for effective drug delivery to the retina.
Several of the permeants studied in the present paper were shown to be effective drugs for treating eye diseases, and therefore, the present uptake and transport data can serve as the database for transscleral delivery of these drugs. For example, β-blockers including atenolol and metoprolol are widely used for eye diseases like glaucoma (18) . Corticosteroids like dexamethasone are effective in treating diabetic macular edema (19) . Cyclosporin A has been studied for treating ocular inflammatory diseases (20, 21) . Fluconazole is an antifungal agent demonstrating effects on endogenous fungal endophthalmitis (22, 23) . Paclitaxel has the potential use in drug-eluting glaucoma drainage device (24) . The findings in the partitioning and transport behaviors of these drugs would be beneficial in clinical applications. Understanding the influences of drug lipophilicity on drug partitioning and drug transport across human sclera would help scientists in designing drugs of desirable properties for transscleral delivery to treat eye diseases.
CONCLUSION
The partitioning of permeants of different lipophilicities into human sclera and their transscleral transport behaviors were studied. The results indicate that permeants with higher lipophilicities exhibit higher partition coefficients, stronger binding to human sclera, and longer transport lag times than polar permeants in transscleral delivery. The results also suggest that steady-state transport might not be easily attained for highly lipophilic permeants in the diffusion cell experiments with human sclera. For human sclera at pH 7.4, the partitioning of positively charged permeants into the sclera was higher than those of neutral and negatively charged permeants, possibly due to charge-charge interactions. The steady-state permeability coefficients of permeants were not significantly affected by the permeant lipophilicity in the present transscleral transport study.
